ABSTRACT This paper proposes a blind interference alignment (BIA) scheme in two-cell Z interference multiple-input multiple-output channel where the cell edge user equipment (UE) of the first cell is interfered by the base station of the second cell during downlink transmissions, while the UE of the second cell is free from inter-cell interference. By employing the reconfigurable antennas at receivers, the transmit strategy of the proposed scheme is designed. The achievable degree of freedom (DoF), the achievable rates, and the bit error rate performance of the proposed BIA scheme are analyzed. Simulation results show that the achievable DoF and the throughput of the proposed scheme are improved compared with conventional interference control scheme. Furthermore, in the proposed BIA scheme, all UEs can achieve a good diversity gain to combat fading.
I. INTRODUCTION
With the development of next generation mobile communications, interference-related problems have drawn great concern. Traditional time division multiple access (TDMA) technology degrades the effect of interference, but it leads to low spectrum efficiency. In order to effectively eliminate the interference, a new interference management technique named interference alignment (IA) was proposed [1] - [4] . With perfect channel state information at the transmitter (CSIT), it was shown that the maximal degree of freedom (DoF) in the K -user single-input single-output (SISO) interference channel can reach to K /2 [1] . Also, it was shown that the maximal DoF in the K -user multiple-input singleoutput (MISO) interference channel can reach to K [4] . The requirement of perfect CSIT is the main limitation of IA technique. Without CSIT, the DoF will be degraded greatly in the multi-user IA system [5] , [6] .
Blind interference alignment (BIA) technology which does not need CSIT, was proposed [7] - [11] and attracted much attention. To make BIA feasible, some new techniques are required. There are two types of BIA strategy, one is based on the staggered block fading by using the autocorrelation characteristic of the selective fading channel [12] - [14] . This strategy has strict requirements for channel autocorrelation characteristics and is only applicable to the scene of two users. The other type of BIA strategy is based on the staggered antenna selection [8] . It relies on pattern reconfigurable antennas whose electrical and radiation traits such as polarization and radiation patterns can be altered dynamically [15] , [16] . The BIA strategy based on the staggered antenna has been developed rapidly [7] - [11] . In [8] , a BIA scheme with pattern reconfigurable antennas at receivers was proposed in the K -user MISO broadcast channel and achieved a higher DoF compared with the scheme without pattern reconfigurable antennas. In [7] , a BIA scheme is proposed in the multi-user interference channel assuming that different channels have different coherent time and the achievable DoF is obtained. Reference [9] proposed a BIA scheme in the K -user interference channel with the condition that receivers have different mobility and channels of different transceivers are assumed to have different coherent time. Reference [11] considered the use of pattern reconfigurable antennas at receivers in the K -user MISO interference channel and proposed two BIA schemes that achieve high DoF. Besides, the BIA strategy has been studied widely in other channels. For instance, Wang etal proposed the BIA technology in multipleinput multiple-output (MIMO) broadcast channel [17] . BIA strategies in MISO and SISO interference channel are presented in [18] and [19] , respectively. Besides, [20] theoretically analyzed the DoF region for two-user Z interference MIMO channel, where CSIT is not required and only transmitter one is equipped with reconfigurable antennas. The Z interference channel is a well-known one-sided interference channel, which is useful for solving the problem in full interference channel. However, when the antenna number of base station (BS) is larger than that of user equipment (UE), it has no effect on improving the total DoF as shown in [20] .
In this paper, we propose a BIA scheme in two-cell Z interference MIMO channel where the cell edge UE of the first cell is interfered by the BS of the second cell during downlink transmissions, while the UE of the second cell is free from inter-cell interference, and the BSs do not need the CSIT during the downlink alignment procedure. Compared with [20] , the pattern reconfigurable antennas in the proposed scheme are equipped at each UE, which is the receiver, most importantly, it can effectively improve the total DoF performance. Also, the transmit strategy and the pattern assignment of the proposed BIA scheme are presented in detail. The proposed BIA scheme effectively eliminates inter-cell interference and obtains a higher DoF. Meanwhile, the simulation results show that the achievable rates and bit error rate (BER) performance of the proposed BIA scheme are also excellent. This paper is organized as follows. A system model is presented in Section II. A BIA scheme based on the twocell Z interference channel scenario is proposed in Section III. Section IV investigates the numerical results of DoF, achievable rate and BER. Section V describes the transmit strategy of new BIA scheme in general case. Section VI shows the simulation results of our proposed BIA scheme compared with the traditional TDMA system. The conclusion of the paper is provided in Section VII.
Notations: Vectors and matrices are written in boldface with matrices in capitals. For a matrix A, A H and A −1 indicate the conjugate transpose and inverse of A, respectively.
II. SYSTEM MODEL
Consider a two-cell Z interference MIMO channel as shown in Fig.1 , where the j-th BS is equipped with M j (j = 1, 2) antennas and the i-th UE is equipped with N i (i = 1, 2) pattern reconfigurable antennas. In general, it is assumed that M 1 > N 1 , M 2 > N 2 , and the number of antennas equipped at each BS and UE can be arbitrary. Each antenna of UE1 and UE2 has m 1 and m 2 pre-set modes, respectively. It is assumed that the BS (transmitter) has no CSIT during downlink transmission, and the UEs (receivers) have perfect CSI. It is noted that we assume the channels are independent and identically distributed (i.i.d.) when reconfigurable pattern antennas operate in different modes [11] . In Fig.1 , when UE1 is located at the border between two cells as Location 1, these two cells constitute a two-cell Z interference channel. In this scenario, UE1 and UE2 occupy the same time and frequency resources. UE1 in the cell1 can receive the signal (it is viewed as interference to UE1) from BS2, whereas UE2 in the cell2 is free from BS1's interference.
Thus, the received signals of the two UEs in the t-th timeslot are respectively given by
where u p and v q are the transmitted signal vectors by BS1 and BS2, respectively, p and q are the index of the independent transmit signals of BS1 and BS2, respectively. H ij [g i (t)] denotes the N i × M j channel matrix from the j-th BS to the i-th UE, and the i-th UE sets the reconfigurable antennas at mode g i (t). z i (t) ∼ CN(0, σ 2 I N i ) is the complex Gaussian noise vector, and I N i denotes the unit matrix with rank N i .
III. PROPOSED SCHEME
In this section, the proposed BIA scheme in the two-cell Z interference MIMO channel is designed. In general case, BS1 sends
which is a M 2 × 1 vector, and appears r 2 = M 2 /N 2 + 1 times. In addition, each antenna of UE1 and UE2 has m 1 = r 1 = M 1 /N 1 + 1 and m 2 = M 2 /N 2 + N 2 pre-set modes, respectively. And g 1 (t) has m 1 different values which can be controlled based on the proposed transmit strategy, similarly, g 2 (t) has m 2 different values which can also be controlled based on the proposed transmit strategy. In the proposed scheme, when BS1 sends the same signal u p , UE1 goes over all m 1 modes while UE2 remains in the same mode, and it will totally cost n 1 m 1 time slots. In this way, UE1 can obtain independent receive equations. After that, BS1 does not send signal, and BS2 sends v q once again which will cost n 2 time slots, during this time, UE1 will only receive interference. As a result, we can eliminate all of the interference. Therefore, the number of time slots is
In order to present more details of the proposed scheme, we assumed that BS1 has M 1 = 3 antennas, UE1 has N 1 = 2 antennas, BS2 has M 2 = 7 antennas, UE2 has N 2 = 2 antennas, and the performance analyses will be based on this assumption in the rest of the paper. Thus, the transmit procedure of two-cell scenario with this assumption is shown in TABLE 1. TABLE 1 is composed of two parts. In Part1, two BSs transmit their signals at the same time, while in Part2 only BS2 transmits signals. In Part2, UE1 will receive interference from BS2 and eliminate interference from BS2 in Part1. Therefore, UE1 can be equivalently free from interference. UE1 receives 2 independent observations in each time slot since UE1 is equipped with two antennas, and it is noted that one observation denotes one signal received by one antenna. To recover a 3 × 1 vector signal, 2 observations are required, thus, each of BS1's signals u p (p = 1, . . . , 5) appears r 1 = 3/2 + 1 = 2 times in Part1. For BS2, each signal v q (q = 1, . . . , 4) will be transmitted r 2 = 7/2 +1 = 4 times, where one time is transmitted in Part2. In Part1, each signal of BS2 is transmitted individually twice as shown in TABLE 1 during time slots from 1 to 8, and it shares a slot with the other signal of BS1, so that it can make a maximum use of the time resources. Moreover, the weighting coefficients k q (q = 1, . . . , 4) are normalised as k According to the designed strategy in TABLE 1, the received signals of UE1 in time slots 1, 2, 11 and 12 can be expressed as (12) In order to eliminate the interference in equation (2), we define that y 1 (1) − y 1 (11) y 1 (2) − y 1 (12) =
As a result, u 1 can be recovered through a simple linear decoding. Meanwhile, u 2 , u 3 and u 4 also can be recovered by UE1 with the same principle. In addition, the equation for detecting u 5 can be expressed as
For UE2, v 1 and v 3 are transmitted at the time slots (1, 5, 9) and (3, 7, 9) , respectively, as shown in TABLE 1, at these time slots, the UE1's mode is the same (mode 1). Similarly, v 2 and v 4 are transmitted at the time slots (2, 6, 10) and (4, 8, 10) , respectively, as shown in TABLE 1, and the UE1's mode is the same (mode 2) at these time slots. Thus, we will recover v 1 
where H 22 is defined as
where 0 is a 2 × 7 zero matrix. We can also detect v 2 and v 4 by using the same method.
IV. NUMERICAL RESULTS
In this section, we mainly focus on the numerical results of DoF, achievable rates and BER of the proposed BIA scheme in the two-cell Z interference channel scenario.
A. DEGREES OF FREEDOM (DoF)
The system DoF is defined as the average independent transmission symbols per time slot [11] . Theorem 1: The DoF of the proposed BIA system in the two-cell Z interference MIMO channel can be expressed as
The proof of Theorem 1 is in the Appendix A. The DoF of TDMA system in the two-cell Z interference MIMO channel is given by
With the antennas configuration, that is M 1 = 3, N 1 = 2, M 2 = 7, N 2 = 2, the achievable DoFs of the proposed scheme and the TDMA scheme are given by DoF BIA = 3.07 and DoF TDMA = 2, respectively. Obviously, the proposed BIA scheme achieves higher DoF than the TDMA scheme.
B. ACHIEVABLE RATES
In the system, the channel is assumed to be a Rayleigh fading channel. Signal to noise ratio (SNR) is defined as
where P is the transmit power of the BS, and σ 2 is the noise power. According to equations (3), we define H 11 as
In the proposed BIA scheme, the achievable rate of UE1 in bits/second/Hz (bps/Hz) is given by
where I M is the identity matrix with rank M. The achievable rate of UE2 in bps/Hz is given by
The total achievable rate of the proposed BIA scheme is given by
The derivations of C 1 and C 2 are shown in Appendix B.
C. BIT ERROR RATES(BER)
We use M -quadrature amplitude modulation (M-QAM) scheme and zero-forcing (ZF) detection to evaluate the BER performance. The SNR of n-th substream in BIA scheme at the UE1's receiver is given by [21] 
where [·] nn denotes the n-th diagonal element, E b is the bit energy, N 0 is the twofold power spectral density of noise. In addition, the coefficient 2 in the denominator is caused by the equation (3) where the noise variance is double. Meanwhile, the SNR of one antenna is equal to the overall SNR t divided by M 1 . The BER of M-QAM scheme is approximated as [22] 
where b is the value of log 2 M .
Therefore, the BER of n-th substream in the proposed BIA scheme of UE1 can be derived according to equations (12)- (13) as
Thus, the theoretical BER of the proposed BIA system of UE1 in two-cell Z interference channel scenario is derived as
The BER of UE2 can be derived in the same way as Considering the general case of the proposed BIA scheme in the two-cell Z interference MIMO channel, Table 2 illustrates the transmit procedure for arbitrary
In addition, each antenna of UE1 and UE2 has m 1 = M 1 /N 1 + 1 and m 2 = M 2 /N 2 + N 2 pre-set modes, respectively.
As is shown in Table 2 , in Part1-1, BS1 transmits n 1 = M 2 − N 2 independent signal u p (p = 1, . . . , n 1 ) which is a M 1 × 1 vector, and each signal u p appears r 1 = M 1 /N 1 + 1 times. In Part1-2, BS1 will not transmit signals. In Part2-1, BS2 transmits n 2 = r 1 N 2 independent signal v q (q = 1, . . . , n 2 ) which is a M 2 ×1 vector, and each signal v q appears (r 2 − 2)n 2 times where r 2 = M 2 /N 2 + 1. In Part2-2, BS2 transmits v q once with the weighting coefficients k q (q = 1, . . . , n 2 ). In Part2-3, BS2 transmits all the v q once again. Thus, the number of total time slots is T s = r 1 n 1 + n 2 = (
When BS1 sends the same signal, UE1 goes over all the modes while the UE2 remains in the same mode. In this way, UE1 can obtain independent VOLUME 5, 2017 receiving equations. Thus, in Part1, two BSs transmit their signals at the same time, UE1 will receive desired signals from BS1 and interference from BS2. However, in Part2, UE1 will only receive interference from BS2 and eliminate interference in Part1, therefore UE1 can be equivalently free from inter-cell interference. For UE2, it is free from interference and can be recovered by combining Part2-1, Part2-2 and Part2-3. The proposed BIA scheme will work well in general case.
VI. SIMULATION RESULTS
This section shows the simulation results of DoF, achievable rates and BER of our proposed BIA scheme. Fig.2 shows the total DoF performances of the proposed BIA scheme, the achievable total DoF in [20] , and the total DoF in TDMA system in the two-cell Z interference MIMO channel. In the simulation, it is assumed that M 1 = M 2 , N 1 = N 2 , and M 1 /N 1 = constant is equal to 5. In this scenario (M 1 > N 1 and M 2 > N 2 ), the total DoF region in [20] is in the range of N 1 ≤ DoF [20] ≤ min (M 2 , N 2 ). Thus, the achievable total DoF in [20] is equal to DoF [20] = N 1 = N 2 . Seeing from Fig.2 , the DoF performance of TDMA system is same as the achievable total DoF in [20] , which is corresponding to DoF TDMA = DoF [20] = N 1 = N 2 . As is shown in Fig.2 , the DoF performances of three scheme are increasing with the increase of the number of antennas at BSs. It is also observed that the DoF performance of the proposed BIA scheme is particularly superior to that of TDMA system and of the result in [20] , which is consistent with the results of (7), (8) and DoF [20] = N 1 = N 2 . The proposed BIA scheme has allocated reconfigurable antennas for both UE1 and UE2, but the reconfigurable antennas are only allocated for BS1 in [20] . In the proposed BIA scheme, antenna switching for UE2 can make the most of the M 2 antennas at BS2 and effectively improve the DoF performance.
The parameters in the following simulation are assumed that BS1 has M 1 = 3 antennas, UE1 has N 1 = 2 antennas, BS2 has M 2 = 7 antennas, UE2 has N 2 = 2 antennas as shown in Section III. 3 shows the capacity performances of the proposed BIA scheme and TDMA system in the two-cell Z interference channel scenario. In the simulations, channel coefficients are independent complex Gaussian random variables with zero mean and unit variance. As is shown in Fig.3 , it is clear that the BIA system has a remarkable advantage in terms of achievable rates in the entire SNR region. Besides, the asymptotic slope of total capacity versus SNR is proportional to DoF [23] . It is observed that the asymptotic slope of the capacity-SNR curve of the proposed BIA scheme is greater than that of the TDMA scheme in the entire SNR region, showing that the proposed BIA scheme achieves a higher DoF than the TDMA scheme, which is consistent with the result in Fig.2 . Especially in the region of high SNR, the curve slope of BIA system is much greater than that of TDMA system. It indicates that the proposed BIA scheme is applicable to high-order modulation. 4 shows the BER performance of the proposed BIA system and the TDMA system in the two-cell Z interference channel. We use a 16-QAM scheme and ZF detection to evaluate the BER performance. More specifically, the DoF of the BIA is 3.07 approximated as 3, where UE1 has a DoF of 1 and UE2 has a DoF of 2. The DoF of UE1 and UE2 in TDMA system equals to 1, respectively. For fairness, 16-QAM and 256-QAM are used for UE1 and UE2 respectively in the TDMA system to keep the same data rate with that of BIA system. It can be seen from Fig.4 that the UE1's BER performance of the proposed BIA system is distinctly better than that of the TDMA system, especially in the high SNR region. The reason is that UE1 can withstand the inter-cell interference and obtain a diversity gain in our proposed BIA scheme. Otherwise, in the lower SNR region about 5dB to 20dB, the BER performance of UE1 in TDMA scheme is outperform than that in BIA scheme for the reason that the transmission time slots of UE1 and UE2 are orthogonal in TDMA scheme. The UE2's BER of BIA system is similar to that of TDMA system. Besides, the result shows that the BER of UE1 is better than that of UE2 both in theoretical and simulated BIA scheme situation. It is because BS1 has 3 antennas and BS2 has 7 antennas at transmitters. This means that the SNR of each substream at UE1's receiver is higher than that of UE2's as shown in equation (12) . Moreover, the simulation results of theoretical BER of BIA scheme according to equations (15)- (16) are also presented, and the theoretical results match the simulation very well.
VII. CONCLUSION
In this paper, we have considered the use of reconfigurable antennas at the receiver in two-cell Z interference MIMO channels and proposed a new BIA scheme that achieves high DoF. The new approach effectively eliminates the interference of cell edge UE, and the performance of edge UE has been improved under the premise that there is no impact on the performance of central UE. Meanwhile, the BS sends signals through multiple channel modes so that we can achieve the diversity gain and a better BER performance. Compared with the interference control scheme (e.g., TDMA), the proposed scheme achieves a higher DoF. In addition, the simulation results show that the achievable rates and BER performance of the proposed scheme are also excellent.
APPENDIX A PROOF OF THEOREM1
The system DoF in the two-cell case of BIA scheme can be derived from DoF BIA = Signal number Time slots = n 1 M 1 + n 2 M 2 n 1 r 1 + n 2
Thus, we can obtain the DoF of the two-cell case in the BIA system from as
The Theorem 1 is proved.
Note that in the analysis, it is assumed that M j is indivisible by N i . If M j is divisible by N i , an adjustment needs to be made. , and the DoF expression remains the same.
APPENDIX B
The achievable rate of MIMO channel is given as [24] C = B · log 2 [det(I m + SNR M j HH H )] (bit/s/Hz) (19) where B is the bandwidth and equals signal rate, and H is the channel matrix. I m denotes the unit matrix with rank m, and m is min(M j , N i ). According to equations (3), (10) and (19) , the achievable rate of UE1 in bps/Hz can be expressed as According to equations (5), (6) and (19) , the achievable rate of UE2 in bps/Hz is given by
In addition, it can be seen from equations (5) 
